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What Structural Elements make a G-Quadruplex Physiologically Viable?
Sujay Ray1, Mohammad H. Qureshi1, Dominic Malcolm1, Ugur Celik2,
John J. Portman1, Hamza Balci1.
1Kent State University, Kent, OH, USA, 2Fatih University, Istanbul, Turkey.
As much as 375,000 potential G-Quadruplex forming sequences (PQS) have
been identified in the human genome nevertheless conclusive demonstration
of existence and relevance of these structures in vivo has been challenging.
Along with the abundance of the PQS, a variety of proteins have also been dem-
onstrated to efficiently destabilize G-Quadruplex (GQ) structures in vitro, sug-
gesting the possibility that most GQ forming PQS are rapidly identified and
unfolded by these proteins. In an attempt to perform a systematic study of
GQ-protein interactions we selected Replication Protein A (RPA) as a model
system and studied the interactions of RPA with 10 different GQ constructs
with varying loop lengths and number of tetrad layers. RPA is the most abun-
dant single strand DNA binding protein in eukaryotes, is involved in DNA rep-
lication and repair along with telomere maintenance, making it an ideal model
system for this study. Single molecule FRET and bulk biophysical methods
were used to perform these studies. Our results demonstrate a systematic in-
crease in the stability of GQ structures against RPA unfolding as the loop
lengths are shortened or the number of tetrad layers is increased. Certain GQ
constructs were completely unfolded at RPA concentrations several orders of
magnitude less than physiological RPA concentration, suggesting that they
would not be viable in vivo. Interestingly, the time it takes for an RPAmolecule
to unfold a GQ construct does not depend on the number of layers the GQ has,
suggesting that binding of RPA to GQ is the rate limiting step and that binding
affinity decreases as the number of layers is increased. The implications of our
data in terms of a molecular understanding of RPA-GQ interactions will be dis-
cussed along with our preliminary attempts to model this system.
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Rational Design of Potent Dimeric Ligands as Potential Theraputic Agents
for Myotonic Dystrophy Type I (DM1)
Amin H. Jahromi1, Steven C. Zimmerman2.
1Center for Biophysics, Univeristy of Illinois, Urbana, IL, USA, 2Department
of Chemistry, Univeristy of Illinois, Urbana, IL, USA.
It is known that expanded CUG repeats arising from the DMPK gene sequester
the splicing protein MBNL1 and that this leads to myotonic dystrophy type I
(DM1). Herein, we describe the rational design and synthesis of a library of di-
mers that bind with high affinity to CUG repeats. Our goal is to disrupt
MBNL1-CUG repeat complex formation. Previously a CUG binding ligand,
containing a 1,3,5-triazine-2,4,6-triamine recognition unit linked to an acridine,
showed promising MBNL1-(CUG)12 inhibition potency.
The repeating nature of the aberrant RNA, prompted us to follow a bivalent ap-
proach through ligand dimerization in order to increase the affinity and selec-
tivity of the ligand. A small library of dimeric ligands was synthesized using
linkers with different lengths and functionality. Two different acridine substi-
tution patterns were also examined with the goal of optimizing the bivalent
effect. The ability of dimeric ligands to bind to (CUG)12 hairpin and inhibit
MBNL1-(CUG)12 complex formation was tested using various biophysical
techniques, including Tm measurement, isothermal titration calorimetry, sur-
face plasmon resonance, fluorescence studies and total internal reflection fluo-
rescence microscopy.
The most potent dimer, AJ8, contained N,N0-bis(3-aminopropyl)-1,3-propane-
diamine, as the linker and was found to inhibit the MBNL1-(CUG)12 complex
formation with an IC50 of 1.09 mM in the presence of excess tRNA as a com-
petitor. The inhibition potency is more than 200-fold greater than the corre-
sponding monomer leading to a bivalent effect that is greater than 100-fold.
Another advantage of AJ8 is improved drugability profile as it is not cell cyto-
toxic and unlike the corresponding monomer is aqueous soluble.
This study suggests a general approach by taking advantage of multivalent
effect for targeting disorders with repeating causative agents.
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Structural and Functional Consequences of Phosphate-Arsenate Substitu-
tions in Selected Nucleotides: DNA, RNA, and ATP
Buyong Ma1, Yu Xu2, Ruth Nussinov1.
1SAIC-Frederick, NCI-Frederick, NIH, Frederick, MD, USA,
2Minzu University of China, Beijing, China.
A recent finding of a bacterial strain (GFAJ-1) that can rely on arsenic instead
of phosphorus raised the questions of if and how arsenate can replace phosphate
in biomolecules that are essential to sustain cell life. Apart from questions
related to chemical stability, there are those of the structural and functionalconsequences of phosphate-arsenate substitutions in vital nucleotides in
GFAJ1-like cells. In this study we selected three types of molecules (ATP/
ADP as energy source and replication regulation; DNA-protein complexes
for DNA replication and transcription initiation; and a tRNA-protein complex
and ribosome for protein synthesis) to computationally probe if arsenate nucle-
otides can retain the structural and functional features of phosphate nucleotides.
We further compared the experimental EXAFS spectra of the arsenic bacteria
with theoretical EXAFS spectra for arsenate DNA and rRNA. Our results dem-
onstrate that while it is possible that dried GFAJ-1 cells contain linear arsenate
DNA, the arsenate 70S ribosome does not contribute to the main arsenate de-
pository in the GFAJ-1 cell. Our study indicates that evolution has optimized
the inter-relationship between proteins and DNA/RNA, which requires overall
changes at the molecular and systems biology levels when replacing phosphate
by arsenate.
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Oligomeric Assembly of HIV-1 Rev on the Rev Response Element: Role of
Cellular Cofactors
Rajan Lamichhane, Rae M. Robertson-Anderson, Svitlana Y. Berezhna,
Edwin J.C. van der Schans, David P. Millar.
The Scripps Research Institute, La Jolla, CA, USA.
Rev, a key regulatory protein of HIV-1, activates nuclear export of unspliced
and partially spliced viral mRNAs, which encode the viral genome and the
genes encoding viral structural proteins, respectively. Initially, a single Rev
monomer binds to a highly conserved region, stem IIB located on the Rev Re-
sponse Element (RRE) of viral mRNA. Following this nucleation step, addi-
tional Rev monomers are recruited to the RRE through a combination of
RNA-protein and protein-protein interactions, resulting in the formation of
a functional nuclear export complex. In addition, several cellular proteins,
such as the DEAD box helicases DDX1 and DDX3 are known to be required
for efficient Rev function in vivo, although their precise role is unknown. In
this study, single-molecule total internal reflection fluorescence (smTIRF) mi-
croscopy was used to visualize oligomeric assembly of Rev on the RRE with
single monomer resolution. Binding of up to eight fluorescently labeled Rev
monomers to a single immobilized RRE molecule was observed in real-time
as discrete jumps in fluorescence intensity, and the event frequencies and cor-
responding binding and dissociation rates for the different Rev-RRE stoichiom-
etries were determined. The smTIRF assay was used to study Rev-RRE
assembly in the presence of DDX1, DDX3 and other cellular proteins. The
presence of DDX1 promotes oligomeric assembly by accelerating the first
few Rev monomer binding steps, suggesting that DDX1 acts as a chaperone
of Rev. The smTIRF measurements are being extended to a multi-color format,
in order to directly visualize the colocalization of Rev and selected cellular pro-
teins on the same immobilized RRE molecules. These measurements are re-
vealing the precise timing of various protein binding events during
ribonucleoprotein assembly. Supported by NIH grant P50 GM082545.
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Histidine-Tag-Specific Optical Probes for Analytical Ultracentrifugation
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Heather E. Elverson1, Lance M. Hellman1,2, Manana Melikishvili1,
Chunxia Zhao1,3, Sidney W. Whiteheart1, Michael G. Fried1.
1The University of Kentucky, Lexington, KY, USA, 2The University of Notre
Dame, Notre Dame, IN, USA, 3The University of California San Diego,
La Jolla, CA, USA.
The hexahistidine (His6)/nickel(II)-nitrilotriacetic acid (Ni
2þ-NTA) system is
a universal tool for the affinity purification of recombinant proteins. Addition-
ally, the NTA group can be exploited for the attachment of fluorophores and
chromophores to His6 proteins at unique user-defined locations. The applica-
tions of one such derivative, (Ni2þ-NTA)2-Cy3 is characterized. The derivative
binds two model His6 proteins, N-ethylmaleimide sensitive factor (NSF) and
O6-alklyguanine-DNA alkyltransferase (AGT) with moderate affinity
(K~1.5x106M1). The activity of these proteins remains unaffected by the at-
tachment of the derivative. The (Ni2þ-NTA)2-Cy3 has high specificity which
makes it suitable for the detection of His6 proteins within complex mixtures
containing other proteins. This property allows the derivative to be used as
a probe of crude cell extracts and as a His6-specfic gel stain. The binding of
the (Ni2þ-NTA)2-Cy3 derivative is reversible in the presence of 10 mM ethyl-
enediaminetetraacetic acid (EDTA) or 500 mM imidazole, and in the absence
of such agents the exchange occurs slowly (kexchange~5x10
6S1 with 0.2 M
labeled protein in the presence of 1 M His6 peptide). The hydrodynamic prop-
erties can be explored with the attachment of the (Ni2þ-NTA)2-Cy3 derivative
utilizing fluorescent anisotropy or analytical ultracentrifugation within environ-
ments which prevent direct detection of the protein. Additionally, the (Ni2þ-
NTA)2-Cy3 derivative can be utilized during fluorescence resonance energy
484a Tuesday, February 28, 2012transfer (FRET) between labeled proteins and suitable donors/acceptors creat-
ing a practical assay for binding interactions and measurements of donor-
acceptor distances.
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Direct Measurement of HIV-1 Reverse Transcriptase Binding Kinetics,
One Complex at a Time
Grant D. Schauer, Nicolas Sluis-Cremer, Sanford H. Leuba.
University of Pittsburgh, Pittsburgh, PA, USA.
HIV-1 reverse transcriptase (RT) is entirely responsible for the conversion of
the viral RNA genome into double stranded DNA. Due to its essential role in
virus replication, it is a primary target for drug development. In order to ratio-
nally modulate RT binding to its Template/Primer (T/P) substrate using novel
inhibitory compounds, an accurate description of DNA-protein binding kinetics
in the absence of ensemble averaging is crucial. We are therefore developing
a robust single-molecule assay to directly measure the association/dissociation
rates of protein-nucleic acid complexes at equilibrium. Utilizing this method in
comparison with bulk methods, we describe in detail the effects of various
known RT inhibitors (RTIs) as well as novel RTIs under development in our
laboratory on the binding kinetics of individual RT-T/P complexes.
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The Development of Methods for the Site-Specific Fluorescent Labeling of
Spliceosomal Proteins for use in Single-Molecule Studies
Matthew L. Kahlscheuer, Nils G. Walter.
University of Michigan, Ann Arbor, MI, USA.
Spliceosomes are multi-megadalton ribonucleoprotein (RNP) complexes re-
sponsible for catalyzing the removal of noncoding introns from eukaryotic pre-
cursor messenger RNA (pre-mRNA) transcripts and ligating the flanking
coding exon sequences to produce a mature messenger RNA (mRNA). Spliceo-
somal assembly and catalysis require a highly dynamic coordination of proteins
and RNAs with the purpose of producing mature mRNA that can be properly
transcribed by the ribosome. Due to the complexity of the process and a lack
of suitable tools, there is still much unknown about the assembly of the spliceo-
some. Single molecule fluorescence microscopy tools have recently been de-
veloped for studies of spliceosome assembly and dynamics of the pre-mRNA
substrate throughout splicing.
In an effort to advance the study of splicing and delineate the exact timing and
dynamics required to achieve splicing, we are currently investigating methods
for the site-specific labeling of proteins, one of these methods being protein
trans-splicing (PTS) using a split intein. Protein splicing is a naturally occurring
process in which a protein editor, called an intein, excises itself out of a host
protein in which it is embedded creating a new peptide bond between its two
flanking regions, the exteins. PTS uses an artificially or naturally split intein
to create a new peptide bond between flanking exteins similar to protein splic-
ing. Upon incubation of the two components, protein splicing will take place,
resulting in the ligation of the two extein regions. By fluorescently labeling one
of the extein components, we hope to use PTS to site-specifically label several
spliceosomal proteins with the ultimate goal of correlating the association and
dissociation of spliceosomal components with pre-mRNA dynamics in order to
gain a better understanding of the mechanism of pre-mRNA splicing.
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Quantifying Actin mRNA Expression with Super Resolution Fluorescence
Microscopy
Benjamin Flottmann1, Manuel Gunkel1, Sebastian Malkusch2,
Mike Heilemann2.
1Heidelberg University, Heidelberg, Germany, 2Julius-Maximilians-University,
Wuerzburg, Germany.
The copy number of a specific mRNA and its subcellular localization in cells is
a mode by which cells can regulate protein synthesis. Beta-actin mRNA is
transported to filopodia upon serum stimulation, regions of cell growth and
movement where actin polymerization is essential (1). The copy number of
mRNA molecules directly translates to the amount of actin monomers that
are synthesized. Quantifying the actin mRNA copy numbers provides a measure
of how polymerization of actin is regulated.
To this extent, we apply stochastic super-resolution microscopy with photo-
switchable fluorescent probes combined with single-molecule localization
(2,3) for quantitative studies of mRNA concentration and localization in eu-
karyotic cells. For this purpose, we apply various labelling approaches for
mRNA, including well-established methods such as fluorescence in-situ hy-
bridization (FISH) (4). Focussing on actin mRNA, we derive quantitative infor-
mation on copy numbers, and we apply coordinate-based algorithms to analyze
our single-molecule super-resolution data.
References
(1) Ben-Ari et al. (2010) J Cell Sci, 123, 1761-1774.(2) Betzig et al. (2006) Science, 313, 1642-1645.
(3) Heilemann et al. (2008) Angew. Chemie, 47, 6172-6176.
(4) Levskey, J. M.; Singer, R. (2003) Journal of Cell Science, 116, 2833-2838.
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DNA Interactions Kinetics of HIV-1 Nucleocapsid Proteins by Single
Molecule DNA Stretching
Jialin Li1, Robert Gorelick2, Ioulia Rouzina3, Karin Musier-Forsyth4,
Mark Williams1.
1Northeastern University, Boston, MA, USA, 2Aids and Cancer Virus
Program, Frederick, MD, USA, 3University of Minnesota, Minneapolis,
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The human immunodeficiency virus type 1 (HIV-1) Gag protein is essential for
retroviral assembly. During viral maturation, Gag is processed to form matrix
(MA), capsid (CA), and nucleocapsid (NC). NC is initially cleaved into
NCp15, then NCp9, and finally NCp7. NCp7 functions as a nucleic acid chaper-
one during retroviral replication, in which it rearranges nucleic acids to facilitate
reverse transcription and recombination. The role of Gag cleavage intermediates
in facilitating nucleic acid remodeling is notwell understood, although it is likely
that they also function as chaperones during viral assembly and early reverse
transcription steps.We use singlemolecule stretching to probe theDNA interac-
tions of these three NC protein forms. In the presence of NCp7, the DNA elon-
gates at a lower force almost reversibly, demonstrating that NCp7 facilitates
structural transitions in DNA with rapid kinetics. To quantitatively probe the
DNA annealing kinetics after the DNA is destabilized by force, we monitor
the DNA length at constant force as it relaxes towards equilibrium. The time
scale of annealing is found to be tens of seconds, suggesting that, while the kinet-
ics of NCs interactions are faster than many single-stranded DNA binding pro-
teins, the final structural rearrangement is only moderately fast. These results
also suggest NCp7 acts as a weak intercalator, allowing the two DNA strands
to remain together as the dsDNA structure is destabilized, likely facilitating nu-
cleic acid rearrangements. Somewhat different behavior is observed when DNA
is stretched and released in the presence of NCp9 and NCp15, and we will apply
thismethod to quantitatively determine the differences inDNAinteraction kinet-
ics for all three HIV-1 NC proteins. This work was funded in part by Federal
Funds from NCI, NIH under contract HHSN261200800001E (RJG).
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Stabilizing Labile DNA-Protein Complexes in Polyacrylamide Gels
Nina Y. Sidorova, Stevephen Hung, Donald C. Rau.
NIH, Bethesda, MD, USA.
The electrophoretic mobility shift assay (EMSA) is one of the most popular
tools in molecular biology for measuring DNA-protein interactions. The tech-
nique uses polyacrylamide gel electrophoresis to separate DNA-protein or
RNA-protein complexes from free DNA or RNA. Polyacrylamide gels stabilize
DNA-protein, RNA-protein, or protein-protein complexes by a crowding or
caging mechanism. Still every technique has its limitations. EMSA, as stan-
dardly practiced today, works well for complexes with association binding
constants Ka>10
9 M1 under normal conditions of salt and pH. Many DNA-
protein complexes are not stable enough so that they dissociate while moving
through the gel matrix giving smeared bands that are difficult to quantitate re-
liably. We take advantage of our previous observation that neutral osmolytes
can strongly slow down the rate of DNA-protein complex dissociation to
develop a method that uses osmotic stress to stabilize complexes in the gel
matrix as well as in the solution. In this work we demonstrate that the addition
of the osmolyte triethylene glycol to polyacrylamide gels dramatically stabi-
lizes labile restriction endonuclease EcoRI complexes with nonspecific DNA
sequences enabling quantitation of binding using the electrophoretic mobility
shift assay. The significant improvement of the technique resulting from the
addition of osmolytes to the gel matrix greatly extends the range of binding
constants of protein-DNA complexes that can be investigated using this widely
used assay. Extension of this approach to other techniques used for separating
bound and free components such as gel chromatography and capillary electro-
phoresis is straightforward.
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Mechanochemistry of the Rad5 Double-Stranded DNA Translocase
Zsuzsa S. Kocsis1, Lajos Pinte´r2, Lajos Haracska2, Miha´ly Kova´cs1.
1Eo¨tvo¨s University, Budapest, Hungary, 2Biological Research Centre,
Hungarian Academy of Sciences, Szeged, Hungary.
Replication forks may stall as a result of unrepaired DNA lesions or premature
dissociation of the components of the replication machinery. Stalled forks are
unstable and their collapse is extremely dangerous, as it may result in double
stranded DNA breaks. Rad5 is a yeast protein with human homologs having
a proposed replication fork reversal activity, which may facilitate the restart
of stalled replication forks. Rad5 is a SWI/SNF ATPase having no canonical
